Computational fluid dynamics (CFD) simulations were performed for experiments carried out with two identical pyramid-shaped solar stills. One was filled with Jordanian zeolite-seawater and the second was filled with seawater only. This work is focused on CFD analysis validation with experimental data conducted using a model of phase change interaction (evaporation-condensation model) inside the solar still. A volume-of-fluid (VOF) model was used to simulate the inter phase change through evaporation-condensation between zeolite-water and water vapor inside the two solar stills. The effect of the volume fraction of the zeolite particles (0 ϕ 0:05) on the heat and distillate yield inside the solar still was investigated. Based on the CFD simulation results, the hourly quantity of freshwater showed a good agreement with the corresponding experimental data. The present study has established the utility of using the VOF two phase flow model to provide a reasonable solution to the complicated inter phase mass transfer in a solar still.
INTRODUCTION
The drastic increase in demand for safe drinking water is growing continuously in developing countries. Inadequate access to fresh water resources is the cause of major health issues nowadays. In recent decades, Jordan has received insufficient rainfall which has led to an increase in water salinity, although it has huge solar potential in most regions. Therefore, the use of small scale solar distillation units is appropriate. Desalination is a very old technology with a long history. It first appeared in 1872 when a still at Las Salinas on the northern deserts of Chile 
Kabeel et al. ).
A number of experimental and theoretical studies are being executed, to find a better design to improve the performance of solar stills. Three different types of solar still were experimentally investigated by (Tiwari et al. ; ) . They understood that a single slope solar still has a higher performance than a double slope in winter. In summer, the performance of a double slope is better. The productivity of a solar still was enhanced by using it as a solar collector for exterior heating of water (Voropoulos et al. ) . Running cool water over the glass cover was proposed by Esfahani et al. () in a portable solar still to improve its performance.
The effect of air blowing inside the solar still was investigated experimentally by many researchers (Tiwari et al. results showed that a considerable increase in the fresh water productivity is obtained when the air is blown inside the solar still. Taamneh & Taamneh () concluded that using a fan powered by photovoltaic solar panels was effective in increasing the evaporation rate and, consequently, the condensation rate (fresh water). They showed that the productivity increased by 25 percent compared with a free convection solar still. Tiwari et al. () showed that increasing the temperature gradient between the water and the glass surface produced more fresh water. They used for this purpose continuous water flow over the glass cover coupled with a solar collector. The same results were also obtained by Abu-Arabi et al. () . El-Sebaii et al. () investigated the stepped solar still. They showed that water flow rate, water inlet temperature and wind speed have significant effects on the production of fresh water.
In general, the problem with experimental studies is the time and cost. Therefore, computational fluid dynamics (CFD) modeling has become an attractive tool for many researchers to find better designs of solar still. On the other hand, CFD can be used for a large number of difficult situations under different operating parameters. The governing equations in a single-slope solar still were solved using a finite-difference algorithm technique by Rheinländer (). There seems to be a lack of interest in the CFD optimization of a solar still. Therefore, the purpose of this research is to develop a 3-dimensional two phase model for evaporation and condensation in a pyramid-shaped solar still using ANSYS FLUENT. Particular attention was paid to the inter phase change through evaporation-condensation between zeolite-water and water vapor inside the pyramid solar still with different zeolite volume fractions using a volume-offluid (VOF) model. In addition, the aim of this study is to estimate numerically the hourly freshwater productivity of the pyramid solar still, and compare the simulation results with experimental data under Jordanian climate conditions.
MATERIAL AND METHODS

Experimental setup
The experiments were undertaken over 3 days in June under Moreover, increasing the exposed areas increases the amount of thermal energy reaching the basin at midday.
The purpose of an adhesive silicon and rubber gasket that was sited between the glass cover and the aluminum container frame was to prevent any leakage of water vapor.
Holes were pierced into the container as well as through the glass to allow access of brackish water into the basin during initial loading and installing temperature thermocouples. In addition, a vent line is linked to the tee-pipe to control the water level of the brackish water.
An insulating material was wrapped around the container so that no heat was lost. The condensed water is drawn through a channel to the outlet. The fresh water was continuously col- Table 1 ).
The zeolite absorbs an amount of thermal energy and emits heat when it comes in contact with water. By continuous heating zeolite can store up to four times more heat than water and releases water vapor at the same time. This excess vapor rises and condenses over the glass surface which in turn increases the total amount of fresh water. In this study the zeolite-water mixture is considered as a single phase, thus, the zeolite particles and the base fluid (brackish water) are in thermal equilibrium and the relative velocity is negligible or equal to zero.
Therefore, the effective thermo-physical properties mainly depend on the volume concentration of the zeolite particles as well as the properties of the base fluid. General correlations for the effective thermal conductivity, viscosity and thermal expansion coefficient of zeolite-water were developed in terms of the volume fraction, temperature, particle diameter and the base fluid physical properties.
These correlations have been processed in FLUENT using user defined functions.
Density
The density of zeolite-water fluid is based on the physical principle of the mixture rule:
where f and p refer to the fluid and zeolite nanoparticle respectively and ϕ is the volume fraction of the nanoparticles.
Viscosity
Various models of viscosity have been employed by researchers to model the effective viscosity of nanofluids as a function of volume fraction. For low volume fraction of nanoparticles, Einstein's model can be employed to predict the viscosity of the nanofluids given as:
Thermal conductivity A kinetic model is adopted in this study to estimate effective thermal conductivity of the zeolite-water mixture. In fact, there are two types of kinetic model suggested in the literature (Khanafer et al. ) . One supposes that the particles are in motion inside the base fluid and the other supposes that the particles are stationary. In this work, the stationary particle model is utilized in the CFD simulations:
where r f and r p are the radius of the water particle (3.2 × 10 À10 m) and zeolite particle (25 × 10 À8 m), respectively.
Thermal expansion coefficient
The thermal expansion of the zeolite-water mixture can be evaluated employing the volume fraction of the particles on weight basis as follows:
Heat capacity
The specific heat of the nanofluid is formulated by assuming a thermal equilibrium between the nanoparticles and the base fluid phase as follows:
where ρ p is the density of the nanoparticle, ρ f is the density of the base fluid, ρ eff is the density of the zeolite-water mixture, and c p and c f are the heat capacities of the particle and the base fluid, respectively. Table 1 .
Measurements
NUMERICAL COMPUTATIONS Geometry and grid arrangement
The geometry and mesh were carried out using GAMBIT to generate hex-dominant finite volume elements. It is an integrated preprocessor for CFD analysis. Figure 3 shows the geometry and mesh. It shows the isometric view of the computational domain mesh that was used for this study. A total of 2.7 million cells was found to be sufficient.
Computational model
In this study, the evaporation and condensation processes were simulated using the VOF model improved by Hirt & Nichols () . In this work, the VOF model in a commercial CFD code FLUENT 6.2 was utilized. The VOF model can follow the interface between two phases. Thus, it has been used widely in analyzing any two phase flow system where the change of interface is significant. The governing equations can be solved using the volume fraction in each cell. The summations of volume fraction for each phase in one cell is unity.
The volume fraction in each cell is used to evaluate all properties in the VOF model. If the two phases are indexed by the subscripts 1 and 2 in the two-phase system, and the volume fraction of the second phase is being followed, then in each cell the density is given by:
The viscosity is calculated in the same way. Thus, all properties in each cell begin to be different based on the volume fraction. The change of the vapor interface is followed by the solution of a continuity equation for the volume fraction. For the kth phase, this equation is given by:
where Sα k is the mass source term. In evaporation and condensation processes, the mass transfer between the phases is simulated by modeling the mass source term. A single momentum equation shown in Equation (9) can be solved throughout the domain with no slip between the phases:
where v is treated as the average mass flux of phases:
In this CFD simulation,F represents the surface tension forces at the interface. The energy equation, shown below, is also shared among the phases:
The energy, E, and temperature, T, are treated as massaveraged variables in the VOF model:
where E k for each phase is based on the specific heat of that phase and shared temperature. The source term, S h is the volumetric heat source term. To simulate the heat transfer between the phases during the evaporation-condensation, modeling the heat source term is desired.
The rising vapor from the zeolite water mixture could be simulated using the VOF model with the The default under-relaxation parameters were set for all the solution control panel.
Boundary conditions
An appropriate thermal boundary condition is necessary for any thermal system modeling to attain accurate predictions. The thermal energy absorbed by the zeolite-water mixture depends mainly on the solar incident radiation.
In the current CFD simulations, isothermal boundary con- 
RESULTS AND DISCUSSION
The experiments and CFD simulations were conducted to investigate the performance of the pyramid solar still in water production by introducing zeolite particles at various volume fractions. The system was operated continuously for several clear sky days in summer (month of June). The hourly solar radiation during one day of testing is shown in The main parameter that has been examined in this study was the zeolite volume fraction in the solar still. The water depth (4 cm), insulation thickness (1 cm), salt concentration and ambient temperature remained invariant. The hourly variation of the experimental temperature of saline water, the glass cover, and the basin during one day of testing are depicted in Figure 5 for the solar still with and without zeolite particles.
As can be shown from Figure 5 , the temperature values of the saline water, glass cover and the basin start to increase slowly in the morning hours and then reach their maximum values around midday and thereafter start to decrease in the evening. The temperature of the saline water in the solar still with zeolite particles seems to be higher than the temperature of the solar still without zeolite particles. The reason for this might be that the thermal absorption ability of the zeolite particles took in the basin increase, the zeolite temperature itself and also the basin surface temperature. This in turn increases the amount of vapor and thus the fresh water productivity. During the sunless hours, the zeolite particles act as a source of stored thermal energy that is stored and released before midday and after midday, respectively. The experimental and CFD results are presented to assess the effect of using zeolite particle loads on the yields of freshwater. The freshwater productivity rate (hourly variation of freshwater production) for the solar stills with and without zeolite particles is shown in Figure 4 . It can be seen from Figure 4 that the yield of freshwater increases gradually to reach a maximum value around midday and then decreases in the afternoon, similar to the variation in incident solar radiation. It is also clear from Figure 4 that the productivity rate after midday is enhanced for the solar still with zeolite particles. Addition of zeolite particles in the basin increases the water temperature, and as a result, increases the evaporation rate. Zeolite of an average diameter 0.25 μm is used. At 18:00 h, the average volume of freshwater is found to be 0.01 L and 0.21 L, for the solar stills without and with zeolite particles, respectively. This is due to the presence of zeolite that increases the heat stored for water vaporization and thereafter condensation inside the solar still. Therefore, the increase in the freshwater yield during the sunless hours from 14.00 to 19.00 h is due to the zeolite particles ively. This can be attributed to the empirical formula that is used to calculate the effective thermal-physical properties that does not take temperature variation into account.
Another reason may be that in reality there could be some sedimentation and agglomeration of the zeolite particles. and 7(h). As the temperature of the water inside the solar still increases, phase change starts and vapor is produced.
The phase change can be noticed in Figure 7 from the increasing volume fraction of the secondary phase fluid (water vapor).
The water vapor rises up as a result of a bouncy effect and is brought into contact with the low temperature glass surfaces at the top, the water vapor begins to condense and freshwater is produced. The fresh-water productivity as a result of condensation inside solar stills with and without zeolite particles is shown in Figure 7 (f)-7(n). It can be noted that the rates of evaporation and thus condensation (fresh water) for stills with zeolite particles are enhanced, which can be seen from the increased volume fraction of the primary phase fluid (water liquid) in the basin outlet. The freshwater production was detected and the total water gained after 60 min was estimated using CFD analysis. The freshwater production using CDF modeling at various zeolite volume fractions is depicted in Figure 6 . Figure 8 shows the velocity vectors inside the solar still without zeolite in the middle plane. In general, the flow is generated by the moving of the water vapor upward (free convection). Primary and secondary vortices are formed inside the solar still due to the movement of water vapor that is released from the water surface. an increase in water temperature especially after midday, as the zeolite acts as a heat source for the basin water.
CONCLUSIONS
